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ABSTRACT

We present the three-dimensional theoretical model of microparticle-assisted super-resolution imaging that enables simulation of virtual
image formation. The model shows that partial spatial coherence of the illumination is a key prerequisite for achieving super-resolution.
We demonstrate that a spherical microparticle enhances the resolving power of an optical system with a limited numerical aperture, allow-
ing features near the particle to be resolved up to the Abbe limit. To overcome this limit, high-frequency oscillations in the spatial correla-
tion function of the radiation are required, leading to out-of-phase superposition of image contributions from different object points. We
further show that, in this regime, the optical resolution deteriorates as the object size decreases. Overall, the results establish a consistent
framework that reproduces experimentally observed subwavelength imaging and clarifies the underlying physical mechanisms.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0340761

INTRODUCTION

In 2011, a super-resolution imaging effect using dielectric
microparticles was discovered,' whereby placing a transparent
microparticle of a few microns in diameter onto the sample
enables the visualization of fine details that are unresolvable under
conventional microscopy. This phenomenon is observed in the
magnified virtual image produced by the microparticle. Since
then, the technique has rapidly evolved, with efforts focused on
improving image quality and controlling particle positioning for
the visualization of extended structures. Recent experimental dem-
onstrations have shown that combining microsphere-assisted
microscopy with evanescent wave illumination enables the
imaging of low-contrast objects.” This technique offers significant
potential for the high-resolution study of biological specimens, a
field where non-invasive methods are of paramount importance.
A comprehensive review of theoretical and experimental studies
can be found in Ref. 3.

Despite growing research interest, there is still no widely
accepted theoretical model for this effect. Such a model is required
to clarify the physical origin of the effect and to enable predictive
optimization of imaging performance under different illumination
and sample conditions. Many prior studies attempted to simulate
radiation propagation and image formation in the presence of a
microparticle, but due to computational complexity, most models

were limited to two-dimensional configurations.4_(’ However, 2D
models fail to capture the geometry of realistic samples—such as
nanodisk arrays or patterned surfaces—which makes a quantitative
comparison with experimental data difficult, despite its impor-
tance for model validation.

In this work, we propose a full three-dimensional model for
microparticle-assisted  super-resolution imaging. The model
accounts for the spatial coherence of illumination, broadband and
narrowband spectra, and different illumination geometries. We
validate the results against several experimental datasets. While a
spherical microparticle is used in the simulations, the approach
can be extended to other particle shapes.

Methods
Image field formation algorithm

Let a spatially coherent incident field E;,. illuminate a given
system at frequency w. The temporal dependence is assumed to
take the form ~ ™', As a result of diffraction, a new field distri-
bution E is formed in the surrounding space. We assume that the
field E is observed by an ideal aberration-free optical system with
1:1 magnification, located at infinity, in the half-space z>0 (see
Fig. 1). The resulting image field E;,, can be computed by applying
the diffraction integral to the complex conjugate field via the
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FIG. 1. General simulation scheme for imaging objects in the virtual image
formed by a microparticle. The image is calculated as a time-reversed wave
with respect to plane T'. The resulting virtual image is located below the
contact point between the microparticle and the sample.

following expression:”

k*ds
4z’

@

E, — ﬂ (”‘J([n, H'IG + ([n, H'], V)VG) — [[n, E'], vc])
T "o

where G = exp(ik|r — ro|)/k|r — 19|, V.=k™'0/dry, k=2m/A, and I is
the surface homotopic to the plane, y and n, represent the mag-
netic permeability and the refractive index of the surrounding
medium, respectively. In our calculations, we assumed z = ng = 1.
By applying Eq. (1) to the complex conjugates of the fields E and
H, the evanescent components are suppressed, and the outgoing
wave transforms into a converging one, which corresponds to a
time-reversed wave.” To compute the image produced by an inco-
herent source, the image field must be intensity-averaged over dif-
ferent realizations of the incident fields E;,. Additionally, if the
source has a broadband spectrum, averaging over frequency is also
required, so that

c
Iinrzn‘ COh(r) - QJ] ‘Eim(r) @, Einc)|2dEi”de' (2)

The differential element dE;, parameterizes the geometry of
the incident illumination. The specific form of the field E;,.
depends on the illumination conditions of the system. In the most
commonly used Kohler illumination scheme, the incident field is
given by E;,. = Egexp(ik-r), with dE;,. = dk,dk,, i.e., the sample is
illuminated by plane waves coming from different angles. In the
case of critical illumination, the incident field is a focused
Gaussian beam. The general calculation scheme is illustrated in
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Fig. 1, where the microsphere is placed in direct contact with the
sample under investigation.

Diffraction field models for the microsphere

To implement the described algorithm, it is necessary to
determine the electric and magnetic fields E and H on the speci-
fied surface I' above the microsphere (see Fig. 1). In this work, we
employed two approaches for calculating these fields. The first
approach, referred to as the Full Model (FM), involves a complete
simulation of the electromagnetic field in the volume surrounding
the microsphere. The second approach, termed the Simple Model
(SM), considers only the field propagation in the vicinity of the
contact region between the microsphere and the sample, which
significantly reduces the computational domain.

Full model simulation

The simulation of the fields E, H was carried out using
FDTD algorithm on a standard square computational grid with a
spatial step size of dx=dy=dz=0.027 um. In the vicinity of the
structures under consideration, the spatial grid was locally refined
in order to accurately resolve the geometrical features of the
objects. The time step was determined automatically by the
Lumerical FDTD solver according to the standard Courant stabil-
ity criterion. The simulation domain was 9x9x 6.8 um>. The
lateral size of the surface I' sets the maximum collection angles
from the sample, defining the effective objective numerical aper-
ture NA. In the present model, NA ~ 0.7. All materials are consid-
ered non-dispersive with a constant refractive index; the
microsphere had a diameter of 5um. Figure 1 shows the general
layout of the simulation. Standard built-in sources from the
Lumerical FDTD package were used to generate plane wave and
Gaussian beam excitations. The field E, was assumed to be polar-
ized either as a TM or TE wave with respect to the substrate
surface. The surface I' was implemented as a monitor placed
directly above the microsphere, performing spectral Fourier trans-
forms for a given set of frequencies. This provided the field com-
ponents E(x, y, ;) and H(x, y, ;) that were then used in Eq. (1).

Simple model simulation

In the SM, the fields E and H are simulated only in the
contact region between the microsphere and the sample. Knowing
the fields in the sample plane, the subsequent propagation of light
through the microsphere can be analytically calculated using the
Huygens-Fresnel principle in combination with Mie theory. This
approach neglects the secondary illumination of the sample by the
waves circulating inside the microsphere, which may have a signif-
icant impact under resonant conditions.

The specification of the source field in the SM varies with the
visualization geometry. In the reflection mode, the microsphere
affects the illumination field, since the radiation first passes
through the microsphere and then reaches the sample. To account
for this effect, we applied Mie theory for a sphere in free space to
calculate the diffraction of the incident field on the microsphere
and used the resulting near field distribution as the source field.
Note that the field distribution within a particle placed on a
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substrate deviates from that in free space due to the interference of
waves reflected at the boundaries. The contribution of these effects
may become significant in the vicinity of resonances and can
potentially lead to qualitative differences between the SM and FM
descriptions. Nevertheless, for the non-resonant configurations
examined in this work, their impact appears to be predominantly
quantitative, resulting mainly in variations in the image amplitude,
while no qualitative changes in the image formation were
observed. In the transmission mode, where the illumination first
passes through the sample and then through the microsphere, the
source field can be defined in the same way as in the Full Model,
without any modification of the incident wavefront. See the
supplementary material for details of the SM algorithm.

Comparison of the models

Figure 2 shows a comparison of the simulation domains in
the two models, as well as the positions of the field monitors and
the source regions within the computational volume. In the SM,
the fields on the surface I' are calculated using the Huygens-
Fresnel principle applied to the fields defined on the auxiliary
surface Iy, [see Figs. 2(c) and 2(d)].

Two circular apertures with diameters of 250 nm were con-
sidered as test objects. The apertures were patterned in a perfectly
conducting film of 10 nm thickness, with a center-to-center sepa-
ration of 300 nm. The illumination wavelength was 500 nm. In the
reflection mode, the structure was complementary to the transmis-
sive one, with identical geometric parameters. The illumination
was arranged in a Kohler configuration with a cone angle of n/4,
corresponding to an illumination numerical aperture of NA;; = sin

(a)

source
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(m/4) = 0.7. Under these conditions, the two objects are unresolved
in direct imaging [see Figs. 3(a) and 3(d)]. However, when viewed
through the microsphere, the objects become distinguishable, as
confirmed by both models in the transmission mode [Figs. 3(b)
and 3(c)] and in the reflection mode [Figs. 3(e) and 3(f)].

For the Simple Model, the simulation domain has approxi-
mate dimensions of 4x4x1.5 ,um3, whereas the Full Model
employs a computational volume of 10 x 10 x 7 um?, respectively.
Due to the smaller numerical domain, simulations using the SM
run roughly 100 times faster than those with the FM. See the
supplementary material for details.

RESULTS
Full model result
Broadband source with Kéhler illumination scheme

To validate our model, we begin by simulating the imaging of
a Blu-ray disk surface, a benchmark structure that has been widely
studied in experimental works."”” The disk was modeled as a mul-
tilayer structure consisting of the following elements: an infinite
glass substrate (refractive index n=1.46), a 30nm thick metal
layer (with refractive index #=0.77+1i6.08), and a patterned
surface composed of parallel trenches 200 nm wide, separated by
100 nm gaps and 30 nm deep, with the same refractive index as
the metal layer. Let us consider the geometry proposed in the
experimental work:” barium titanate glass (BTG) microspheres
with a refractive index of n = 1.95 were immersed in an immersion
liquid (water, n = 1.33).

FIG. 2. Comparison of the simulation domains (not to scale) for the FM and SM. (a-b) Side views of the FM in the reflection and transmission modes, respectively.
(c—d) Corresponding configurations for the SM. In panel (d), the source field is defined with the wavefront distortion induced by the microsphere taken into account. The
positions of the field monitors coincide with the surfaces I'. The microsphere radius is 2.5 um. The computational domain boundaries are enclosed by perfectly

matched layers (PML).
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FIG. 3. Comparison of the FM and SM for the formation of the virtual image by a microsphere. Images of two nanoscale apertures with a diameter of 250 nm and
edge-to-edge separation of 50 nm in a perfectly conducting film in reflection mode: (a) without the microsphere, (b) with the microsphere using the SM, and (c) using
the FM. Panels (d—f) show the corresponding comparison for two disks in reflection mode. In free space, the image plane coincides with the object plane. When the
microsphere is present, the image is observed in the plane z/R =-5 relative to the center of the microsphere. Scale bar: 1 um. Ratio of peak intensities: (b)—(c) 1:1.07;

(e)~(f) 1.15:1.

The simulation results are shown in Fig. 4. Similar to Ref. 9, a
strong dependence of the observed pattern on the polarization of
the recorded image is observed. To simulate the image at different
polarizer orientations, the calculation of the image intensity (2)
included only the x- or y-component of the field E;,, (1).

The illumination cone had an angular aperture of n/9, and
included 50 uniformly distributed plane wave directions. The source
spectrum had a peak at A =500 nm and spanned wavelengths from
400 to 700 nm (for more details, see the supplementary material).
The illumination geometry was manually adjusted to achieve the
best agreement between the simulated and experimental results
reported in Ref. 9. A strong dependence of the image contrast and
pattern on the illumination geometry was observed.

Monochromatic source at 405 nm with critical
illumination

Among the most notable achievements of
microsphere-assisted imaging is its integration with confocal
microscopy, which has demonstrated record-breaking resolution
of nanostructures. In particular, nanodisks with diameters of
135 nm spaced only 25 nm apart were successfully resolved.'’

Unlike conventional microscopes operating under Kohler
illumination, a confocal microscope uses a focused beam to illumi-
nate each point of the sample individually. The image is formed
by scanning the region of interest and reconstructing the complete
image from individual focus points. Therefore, to model image
formation in a confocal microscope, it is necessary to use a
focused beam rather than plane waves.

In our simulations, we assumed that the source is focused on
the sample surface, thereby implementing the classical critical illu-
mination scheme. The illumination cone had an angular aperture
of n/4 and consisted of 103 uniformly distributed wave directions.
It is worth noting that achieving super-resolution in this configu-
ration requires a sufficiently wide illumination cone. The disks
were positioned on a transparent substrate (n=1.46), coaxially
aligned with the center of the microparticle.

In order to achieve optimal image contrast under the given
illumination conditions, it is essential to suppress radiation propa-
gating close to the surface normal. To this end, the signal ampli-
tude of rays focused within the illumination cone at angles 6 </
12 was attenuated by a factor of 10. In practice, this requirement is
readily fulfilled by blocking the light originating from the central
part of the source. This step is crucial to avoid dominance of the
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Polarization axis Polarization axis <—>» max

60 nm 30 nm

100 nm
n=1.46 n=0.769+i6.08

FIG. 4. Virtual images of the Blu-ray disk surface obtained at different polar-
izer orientations (Compare with Fig. 4 in Ref. 9). The observation plane is
located at a depth of z=-6.25 m below the substrate surface. The relative
intensities of the maxima in (a)-(c) are 1:1.8:1.1, respectively. Scale bar:
2.5 um. (d) Schematic view of the considered geometry. The immersion liquid,
water (n=1.33), barely covers the microparticle placed on the surface of the
Blu-ray disk.

(.-135 nm
25 :un'\
10

0 nm
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central lobe, which would, otherwise, obscure finer image details.
The results are presented in Fig. 5, which displays images of the
nanodisks under two illumination conditions. We also applied our
model to simulate an array of perfectly conducting dimers with
120 nm width and 60 nm spacing, as described in Ref. 11. In this
case, the structure is successfully visualized using our approach
(see the supplementary material).

These examples enable a fundamental study of the resolving
power of a microsphere and the key factors underlying its super-
resolution. In our earlier work,'” based on a two-dimensional
numerical model, we showed that as the size of the objects imaged
through a microsphere decreases, the resolution approaches the
classical Abbe limit of A/2. To extend this hypothesis to three
dimensions, we modeled each nanodisk as a point-like incoherent
source placed at its center. The simulations demonstrate that such
sources are indistinguishable. A similar calculation, with the
sources located on the nanodisk surfaces, yielded the same result:
the structures remained unresolved. Although the disks retain
their characteristic size, each of them emits independently. These
findings highlight a fundamental requirement for super-resolution:
spatial coherence of illumination.

The presence of partial spatial coherence effects in the illumi-
nation indicates that the simulation results strongly depend on the
specific field distribution in the region of the disks. The substrate
material can also influence this distribution, as noted in Ref. 13.
Our model shows that if a similar calculation is performed
without accounting for the substrate, i.e., considering the disks in
free space with the microparticle above them, the structure
becomes indistinguishable, even accounting for the spatial coher-
ence of the illumination.

FIG. 5. (a) Virtual image of five nanodisks with the geometry shown in the inset, obtained under critical illumination. (b) Corresponding image with the illumination sup-
pressed inside the cone & <w/12. Both images are taken in the observation plane at z= — 10 um below the substrate surface. Scale bar: 1 um.
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Simple model result

The FM enables the investigation of a wide range of problems
related to microsphere-based imaging; however, this approach
requires significant computational efforts. For a fixed system
geometry, the FM may be appropriate, but when exploring the
influence of variations in geometry or illumination, the computa-
tions become prohibitively complex. For this reason, in the
present work, we employ simulations according to the SM with
the Kohler illumination scheme at a wavelength of A = 500 nm.

Influence of spatial coherence effects

As shown for nanodimers, partial-coherence effects in
microsphere-based imaging enhance resolution. Here, we consider
off-axis annular or dark-field illumination to increase the coher-
ence of the radiation. This illumination scheme enhances the
resolving power of a microparticle, a concept first introduced in
Ref. 14 for a two-dimensional model. Figure 6 presents
transmission-mode images of an array of nine apertures in an
ideal conductor, each with a diameter of 180 nm and a period of
200 nm, obtained for various illumination geometries. The struc-
ture is placed on a substrate with a refractive index ng,;, = 1.46, as
shown in Fig. 2. The imaging plane is located at z/R=—5 with
respect to the center of the microparticle. The simulations indicate
that the virtual image forms near the geometrical focus at
z/R ~ — 3 and improves upon further downward shift of the imaging
plane, while excessive displacement leads to image degradation.

In this example, the distance between adjacent apertures
is below the diffraction limit. Under conventional Kohler
illumination, the structure cannot be resolved by the microparticle
[Fig. 6(a)]. Suppression of the low spatial-frequency components
of the source modifies the spatial correlation function of the
incident field by introducing oscillations, thereby improving the
resolution [Figs. 6(b) and 6(c)]. The peak intensity amplitudes in
Figs. 6(a) and 6(c) are in the ratio 24.8:7.4:1.9. After normalization
of the incident field by the number of plane-wave components
used in the calculation, the corresponding ratio becomes
8.2:3.2:1.6.

The enhancement of the resolving capability of the micropar-
ticle under annular illumination is observed for structures whose
characteristic dimensions are comparable to the illumination wave-
length. When the diameter of the nanoapertures is reduced to
40nm (A/12.5) while keeping the center-to-center separation
unchanged, the structure becomes unresolvable (see the
supplementary material). Partial coherence effects may also influ-
ence the resolution in free space; however, this structure remains
unresolvable for all considered illumination schemes, even when
the objective numerical aperture reaches NA,,j=1 (see the
supplementary material).

The normalized correlation function 15 of the radiation is
defined as

(B, E'(r +p)),
VB (B + p)l?)

Under annular illumination, the correlation function of the
incident field can be calculated as follows:

y(r, p) =

ARTICLE pubs.aip.org/aip/jap

NAauer
" (p) = 2(NAZ,,., — NA )_IJ xJo(naupkpx)dx,

outer inner
NAinner

where NA;,,.., and NA,,., specify the lower and upper limits of
the transverse wave vectors. Interaction with the structure modifies
the field distribution and, consequently, the correlation function,
ie., y#7™. Under annular illumination, y" exhibits pronounced
oscillations, causing the near-field correlation function y to change
sign between adjacent apertures (see Fig. 6). As a result, the fields
scattered by neighboring nanoapertures interfere out of phase,
leading to enhanced resolution. The image fields produced by
individual apertures partially overlap. When combined in phase,
they merge into a single broad maximum [Fig. 6(a)]. In contrast,
out-of-phase superposition suppresses the overlapping intensity
contributions through partial cancellation, resulting in the appear-
ance of nine distinct maxima [Figs. 6(b) and 6(c)]. This effect is
illustrated in Fig. 7 using the example of two exponential
functions.

The resolution enhancement provided by the microparticle,
compared to free space, originates from the modification of the
point spread function. By analogy with Fig. 7, the microparticle
reshapes the fields E; and E, making their superposition with the
appropriate relative phase becomes resolvable, whereas the same
superposition of the unmodified fields remains unresolved.

This statement can be verified analytically using a model of
point sources, without resorting to numerical simulations. Let us
consider an array of N point dipoles with partially correlated
random phases ¢;. The total electromagnetic field generated by the
system is described by

AE+KE= —4zk™' Y 90— re,

where the statistical properties of the phases are governed by the
correlation function,

<ei(¢m7¢m)> _ V(|l'm _ 1‘n|)~

The total intensity of the virtual image is expressed in terms
of the individual image fields E;, 7 as

C N i Vs
= S (B~ Y0 (Eg; £/ )y(|rm —1,)).

The presence of the microparticle modifies the image fields
E;,,"” but does not alter the form of the correlation function 7.
The fields E;,,"" are obtained analytically from Mie theory and
Eq. (1). Three forms of the second-order correlation function y are
analyzed: (i) fully incoherent dipoles, (ii) partially coherent dipoles
with a correlation function corresponding to Kohler illumination
with NA;;=1, and (iii) annular illumination with NA;,..,
=NA, - =1, corresponding to ring illumination with k,=0. The
corresponding correlation functions are given by

o(kp)
7(p) = § 2N (kp)/(kp)
Jo(kp)
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FIG. 6. Image field of an array of nine nanoapertures (diameter 180 nm, period 200 nm, A =500) in an ideally conducting film for different NA,,e: (a-c) 0, 0.7, and
0.92, respectively. The illumination directions used in the simulations are shown at the bottom of each panel, along with the corresponding correlation functions of the
incident radiation y"™ (blue dashed line) and near field y (red line). The variation in the function y is shown between the central and adjacent nanoapertures, where ver-
tical dashed lines indicate the boundaries of the nanoholes. The observation plane is located at z/R = — 5. Scale bar: 1 zm.

where 0 is the Kronecker delta and J denotes the Bessel function
of the first kind.

The source array consists of two square regions of size
w=M\/3, separated by a distance d=0.185), located in the plane
z=—R and arranged symmetrically with respect to the center of
the microsphere. The virtual image is observed through an objec-
tive with numerical aperture NA ;= 0.9.

Figure 8 shows the resulting virtual images in free space and
in the presence of a microsphere (1 =1.46, 2rnR/A = 30) for differ-
ent forms of y. The comparison reveals a pronounced dependence

of the microsphere-induced resolution enhancement on the shape
of the correlation function.

For sufficiently large separations d, similar coherence-induced
effects can also be observed in free space. Therefore, the micro-
sphere primarily amplifies the influence of partial coherence on
the resolving capability. In the considered example, the effects of
partial coherence are induced by the external illumination field;
therefore, similar effects are observed both in the presence of a
microparticle and in free space. However, in reflection-mode
imaging, the presence of a microparticle can strongly modify the

J. Appl. Phys. 140, 083104 (2026); doi: 10.1063/5.0340761
Published under an exclusive license by AIP Publishing

140, 083104-7

265191 9202 Isnbny gz


https://pubs.aip.org/aip/jap

Journal of

. . ARTICLE ubs.aip.org/aip/ja
Applied Physics P p.org/aip/jap

E |E+E,|? |E,-E, |2

1’ =2

1 15
0.6 ;

1
0.5 04 :
[P 0.2 ~

0 0 0
2 0 2 2 0 2 2 @ 2

FIG. 7. The resulting virtual image is located below the contact point between the microparticle and the sample. Comparison of the sum and difference of two laterally
shifted Gaussian functions, E4 = exp[—(x — 0.7)%] and E, = exp[—(x + 0.7)%].
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FIG. 8. (a) Point-sources geometry. (b) Correlation functions used in the calculations. (c—e) Virtual images of the dipole array formed by the microparticle (n=1.46,
27R/=30) in the plane z/R = — 4.5 using y=38(p), 2J1(p)lp, Jo(p), respectively. (f-h) Corresponding free-space images; the image plane coincides with the source
plane.
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FIG. 9. The minimum edge-to-edge separation as a function of the nanohole
diameter w under Kohler illumination (NA;~0.92, NA.y~0.72) for
microsphere-assisted imaging and free-space imaging. The dashed lines indi-
cate extrapolated behavior in the limit of vanishing nanohole diameter, where
direct numerical calculations become impractical due to the required refine-
ment of the computational grid near the apertures.

field distribution illuminating the sample, giving rise to effects
that are fundamentally absent in free space.

An illustrative example is the critical illumination regime
shown in Fig. 5. In this case, the microsphere effectively “mixes”
radiation incident over its entire surface and refocuses it onto the
nanodisks, whereas in free space, the nanodisks reflect only the
portion of the field that is locally focused in their vicinity.
Another example is secondary illumination of the sample. Acting
as an optical resonator, the microsphere can store electromagnetic
energy, leading to a secondary illumination effect,” which, under

(a) microparticle
1 . : :

o
©

Imiddle/I max
(e»]
(0]

07t|— w/A=0.1
— w/\=0.2
w/Ax=0.3
0.6 * : : :
0 0.2 0.4 0.6 0.8
NAinner

ARTICLE pubs.aip.org/aip/jap

resonant conditions, can further enhance the resolving power of
. . 12
the microparticle.

Resolution analysis

In this section, we examine the resolution limit of the micro-
sphere as the size of the investigated objects is progressively
reduced. We consider standard Kéhler illumination in the trans-
mission configuration, as well as the case where the central part of
the illumination within the inner numerical aperture, NA;, ., is
blocked [Figs. 6(b) and 6(c)]. The test objects are identical to
those shown in Fig. 3(b) and consist of two disks patterned in a
perfectly conducting film on a dielectric substrate. The image
plane is located at z/R=—5 relative to the center of the micro-
sphere. The surface I' is defined as a square region of size 4Rx4R
at z/R = 1.1, which corresponds to an objective numerical aperture
of NA,;; = 0.72. The illumination numerical aperture is chosen as
NA;; =sin(3*pi/8). Note that, since the rays transmitted through
the microparticle are confined within a limited divergence cone,
increasing the size of plane I'—and thus, the objective numerical
aperture NA,;—results in only minor modifications of the image
formed by the microparticle. This trend is consistent with the
experimental observations reported in Ref. 16.

The minimum edge-to-edge separation (d) between the struc-
tures is determined from the condition that the valley intensity
between adjacent maxima reaches approximately 80% of the peak
intensity, corresponding to the classical Rayleigh criterion, where
the maximum of one Airy disk coincides with the first minimum
of the other. The resolution was determined with an accuracy of
M50 using the same algorithm as described in Ref. 12. Figure 9
shows the dependence of the optical resolution on the structure

(b) free space
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097
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FIG. 10. Image contrast C = | isqe/lmax for nanoholes of different diameters w at a fixed center-to-center separation of 0.4X as a function of the inner numerical aperture
NAinner: (@) microsphere-assisted imaging and (b) free-space imaging. As seen in (a), increasing the nanohole diameter w leads to higher image contrast and enhanced

resolving capability.
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diameter. Based on these calculations and in agreement with the
two-dimensional model,"” the resolution limit of the microparticle
under Kohler illumination can be expressed as the following crite-
rion:

A

where w is the characteristic object size (nanohole diameter) and d
is the minimum edge-to-edge separation. Equation (3) holds for
w<M2. A similar scaling is observed in free space, i.e., without
the microparticle:

d+w=1.22

. 4
2NAy, @

From relations (3) and (4), it follows that under classical
Kohler illumination, isolated objects in the form of nanoholes
cannot be resolved by the microsphere beyond the fundamental
diffraction limit, since the center-to-center separation remains
close to A/2. A comparison of relations (3) and (4) indicates that,
in the considered configuration, the resolution enhancement
provided by the microsphere relative to free space is primarily
due to a local increase in the effective objective numerical aper-
ture, as it is noted in Ref. 17. However, NA is bounded by a lim-
iting value of unity; consequently, this effect alone cannot
account for the resolution of objects with a center-to-center
separation smaller than A/2.

For hole diameters exceeding A/2, the optical resolution in
free space and in the presence of the microsphere becomes nearly
identical. In this regime, the objects appear as two touching ring-
like intensity distributions and remain distinguishable even at zero
edge-to-edge separation. Therefore, a meaningful comparison of
resolving power for w>A/2 requires objects of a different geome-
try, such as square apertures.

Under annular illumination, the microsphere enables resolu-
tion at separations below A/2. We fix the center-to-center distance
at d+w=04A and characterize image quality by the contrast
C = Liddie/Imax defined as the ratio of the intensity at the mid-
point between adjacent maxima to the maximum image intensity.
At C=1, the objects are completely merged, while at C=0.8, they
are just resolvable according to the Rayleigh criterion.

Figure 10 shows the dependence of 1,441/l ;nax On the inner
numerical aperture NA;,,,., for a fixed outer numerical aperture
NA,uer=1, both for the microsphere [Fig. 10(a)] and for free
space [Fig. 10(b)]. The comparison demonstrates that the micro-
sphere strongly enhances partial-coherence effects under annular
illumination.

As shown in Fig. 10(a), increasing the nanohole diameter
from 0.1 to 0.3A leads to a monotonic increase in image contrast,
improving the resolving capability even for conventional Kéhler
illumination (NA;,,.., = 0).

An experimental study'® reported an improvement in optical
resolution under annular illumination in free space. However, a
direct comparison of Figs. 10(a) and 10(b) shows that increasing
NA;,ner leads to a much stronger contrast improvement—and
thus, a more pronounced resolution enhancement—in the

ARTICLE pubs.aip.org/aip/jap

presence of a microsphere. This enhancement is particularly pro-
nounced for structures with larger diameters.

CONCLUSION

We  have presented a  theoretical model of
microparticle-assisted super-resolution microscopy and applied it
to three representative structures commonly encountered in exper-
iments: Blu-ray disks, conducting dimers, and nanodisk arrays.
For each geometry, appropriate illumination conditions are
considered.

We demonstrate that the presence of high-frequency oscilla-
tions in the spatial correlation function of the radiation leads to a
substantial enhancement of the resolving power of the microparti-
cle. Such oscillations may originate from different physical mecha-
nisms. These include waves circulating inside the particle that
generate secondary illumination of the sample, the specific geome-
try of the investigated object (e.g., a Blu-ray disk), and the choice
of illumination conditions, as demonstrated here for annular illu-
mination. In the latter case, the resolution was shown to depend
on the size of the investigated structures, with larger objects exhib-
iting improved resolvability.

In the absence of rapid oscillations in the correlation func-
tion, super-resolution may still arise from a local increase in the
effective numerical aperture of the objective. In this regime, the
microsphere enables the discrimination of objects with
center-to-center separations down to approximately /2.

SUPPLEMENTARY MATERIAL

See the supplementary material for PDFs: Section 1: Source
spectrum and geometry for Blu-ray disk reflection calculations;
Section 2: Visualization of a dimer array under critical illumina-
tion; Section 3: Comparison of Image Fields and Computational
Efficiency of the Full and Simple Models; Section 4: Influence of
spatial coherence effects for small objects with and without the
microsphere; Section 5: Image calculation algorithm based on the
Simple Model.
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